The Mre11/Rad50/Nbs1 (MRN) complex has a central function in facilitating activation of the ATM protein kinase at sites of DNA double-strand breaks (DSBs). However, several other factors are also required in human cells for efficient signalling through MRN and ATM, including the tumour suppressor proteins p53-binding protein 1 (53BP1) and BRCA1. In this study, we investigate the functions of these mediator proteins in ATM activation and find that the presence of 53BP1 and BRCA1 can amplify the effects of MRN when interactions between MRN and ATM are compromised. This effect is dependent on a direct interaction between MRN and the tandem breast cancer carboxy-terminal (BRCT) repeats in 53BP1, and is accompanied by hyper-phosphorylation of both Nbs1 and 53BP1. We also find that the BRCT domains of 53BP1 affect the overall structure of 53BP1 multimers and that this structure is important for promoting ATM phosphorylation of substrates as well as for the repair of DNA DSBs in mammalian cells.
Introduction
After DNA double-strand breaks (DSBs) occur in eukaryotic cells, a rapid response initiates that leads to activation of cell cycle checkpoints and DNA repair. The ATM protein kinase has a central function in communicating this response to many downstream targets through phosphorylation (Lavin, 2008) . The Mre11/Rad50/Nbs1 (MRN) complex has also been reported to be essential for this initial response, both in facilitating ATM signalling as well as in performing DNA repair (Stracker et al, 2004) . The MRN complex mediates diverse functions in DNA DSB repair, including homologous recombination, non-homologous end joining (NHEJ), and telomere maintenance (Haber, 1998; D'Amours and Jackson, 2002; Symington, 2002; Deng et al, 2009; Dinkelmann et al, 2009; Xie et al, 2009) . Hypomorphic mutations in the Nbs1 and Mre11 genes are responsible for the human chromosome instability syndromes Nijmegen breakage syndrome (NBS) and ataxia-telangiectasia-like disorder, respectively (Carney et al, 1998; Varon et al, 1998; Stewart et al, 1999) . Both syndromes show similar cellular and clinical phenotypes to that of Ataxia-Telangiectasia, which is caused by mutations in ATM gene, including radiosensitivity, chromosome fragility, radioresistant DNA synthesis, and loss of damage-induced checkpoints (Lavin et al, 2005) . Our earlier studies showed that the MRN complex is a sensor for DNA DSBs and facilitates activation of ATM by recruiting ATM to broken DNA molecules, facilitating the stable binding of substrates Paull, 2004, 2005) .
Although the MRN complex has been well characterized in the DNA damage response, many other proteins have been shown to be involved in DSB signalling, including several proteins that contain breast cancer carboxy-terminal (BRCT) domains. BRCT domains were first characterized in the C-terminus of BRCA1 (Koonin et al, 1996) and often function as phospho-specific-binding domains, although these domains have also been shown to interact with non-phosphorylated proteins (Derbyshire et al, 2002; Joo et al, 2002; Manke et al, 2003; Yu et al, 2003) . BRCA1 and p53-binding protein 1 (53BP1) each contain two tandem BRCT repeats in their C-terminus and are considered to be in the ATM-dependent signalling pathway, as they co-localize with ATM and the MRN complex and are phosphorylated by ATM at DNA damage sites (Mochan et al, 2004; Gudmundsdottir and Ashworth, 2006) . BRCA1 is phosphorylated on serine 1387 and serine 1423 by ATM, and phosphorylation at these sites is important for the S-phase and the G2/M checkpoints in response to irradiation (IR), respectively (Xu et al, 2001 (Xu et al, , 2002 . Moreover, Foray et al (2003) showed that cells lacking BRCA1 exhibit reduced levels of p53, c-Jun, Nbs1, Chk2, and CtIP phosphorylation after exposure to ionizing radiation. A study by Kitagawa et al (2004) suggested that BRCA1 may have a function in ATMdependent phosphorylation with several other proteins, as both Nbs1 and BRCA1 are required for the phosphorylation of SMC1 by ATM in response to IR. Fabbro et al (2004) also showed an effect of BRCA1 on the phosphorylation of p53 on serine 15 by ATM, but did not observe effects on other substrates including Chk2 and c-Jun. Although it is not yet clear why these observations differ, the cumulative evidence suggests that BRCA1 has a function in mediating the ATM signal transduction pathway in mammalian cells.
53BP1 is also in this group of 'checkpoint mediators' and co-localizes with phosphorylated H2AX (g-H2AX), Mdc1, the MRN complex, and BRCA1 after treatment with agents that cause DNA DSBs, such as IR and etoposide (Schultz et al, 2000; Anderson et al, 2001; Rappold et al, 2001; Xia et al, 2001) . 53BP1 has been shown to interact with methylated lysine 20 in histone H4 as well as with methylated lysine 79 of histone H3, and this interaction was inhibited by the suppression of methylation, suggesting that 53BP1 binds directly to histones in response to changes in higher-order chromatin structure that expose methylated lysine residues (Huyen et al, 2004; Botuyan et al, 2006) . Foci formation by both 53BP1 and BRCA1 is dependent on Mdc1 and the RNF8 ubiquitin ligase (Panier and Durocher, 2009 ), although the mechanism by which ubiquitylation affects interactions between the Tudor domain and metylated histones is not understood. 53BP1 has also been reported to have a direct function in DNA DSB repair through stimulation of NHEJ and by mediating longrange interactions between chromosomal ends (Iwabuchi et al, 2003; Xie et al, 2007; Difilippantonio et al, 2008; Dimitrova et al, 2008) .
Although most of the recent studies of 53BP1 have focused on its functions in DNA repair, it is clear that 53BP1 also promotes ATM-mediated signalling. siRNA-mediated reduction of 53BP1 levels in human cells reduces the phosphorylation of p53, Chk2, BRCA1, and SMC1 by ATM, particularly after low doses of damage by ionizing radiation (DiTullio et al, 2002; Wang et al, 2002; Ward et al, 2003; Jowsey et al, 2004; Munoz et al, 2007) . Mochan et al (2003 Mochan et al ( , 2004 ) also showed that phosphorylation of various ATM targets was significantly reduced in NBS cells when 53BP1 function was suppressed using siRNA, but that this was not the case in cells expressing normal levels of wt MRN. Collectively, these results suggest that 53BP1 may act as a co-activator or mediator of ATM function and that its effects on ATM may be enhanced in situations in which the MRN complex is impaired or absent. 53BP1 is also phosphorylated by ATM after DNA damage and this phosphorylation is required for ATM-dependent signalling, although recruitment of 53BP1 to DNA damage sites is independent of its phosphorylation (Zgheib et al, 2005) . When 15 conserved SQ/TQ sites in the N-terminus of 53BP1were mutated, the repair functions of 53BP1 were abrogated, indicating the importance of these modifications . A recent study also showed that phosphorylation of 53BP1 on serine 25 was required for the binding of the hPTIP protein and for efficient phosphorylation of Chk2 on threonine 68 and BRCA1 on serine 1524 (Munoz et al, 2007) .
To characterize the functions of 53BP1 and BRCA1 in ATMdependent phosphorylation events, we tested the effects of recombinant human 53BP1 and BRCA1 in ATM kinase assays using purified components in vitro. Our results show that both proteins are required for ATM-dependent phosphorylation of p53 on serine 15 and Chk2 on Threonine 68 in the presence of sub-optimal levels of the MRN complex and that the mediators can also complement an MRN complex that is impaired in ATM association. These effects are dependent on a direct interaction between 53BP1 and the MRN complex through the BRCT domains of 53BP1. These interactions also promote optimal phosphorylation of Nbs1 and 53BP1 and are required for efficient DNA DSB repair.
Results
53BP1 and BRCA1 amplify the effects of MRN on ATM kinase activity 53BP1 and BRCA1 have been shown to affect a subset of ATM phosphorylation events in human cells expressing wild-type MRN (DiTullio et al, 2002; Wang et al, 2002; Foray et al, 2003; Fabbro et al, 2004) . To determine the effects of 53BP1 and BRCA1 on ATM kinase activity with wild-type MRN, we added 53BP1 and BRCA1 to our standard kinase assay with purified, recombinant ATM as shown in Figure 1A . Under these conditions, the wild-type MRN complex stimulates ATM kinase activity by 80-100-fold in a reaction that requires linear DNA, as we have earlier shown in this system (Lee and Paull, 2005) . The addition of 53BP1 and BRCA1 to the MRN complex and ATM stimulated Chk2 phosphorylation by ATM by approximately three-fold. Mochan et al (2003) reported a reduction in ATM phosphorylation events in NBS cells when 53BP1 expression was suppressed, but relatively little effect of 53BP1 reduction in wild-type cells. As NBS cells contain very low levels of MRN containing an N-terminal-truncated Nbs1 (Maser et al, 2001) , this suggests that the effects of 53BP1 and BRCA1 on ATM may only be evident under conditions in which the amounts of MRN are limiting. To investigate this hypothesis, we tested the effects of 53BP1 and BRCA1 in ATM kinase assays containing four-fold lower levels of MRN complex compared with the optimized reaction ( Figure 1B ). With this amount of MRN (2 nM), ATM activation is minimal. Under these conditions, the addition of 53BP1 and BRCA1 stimulated ATM by B14-fold with Chk2 as a substrate, making the reaction nearly as efficient as standard reactions with higher levels of MRN. Similar to the standard reaction, the 53BP1/BRCA1-stimulated reaction still requires the MRN complex and linear DNA. These results suggest that 53BP1 and BRCA1 complement low levels of MRN in stimulating ATM-dependent phosphorylation.
Our results with low levels of MRN suggest that there must be a direct relationship between the concentration of MRN and the effects of 53BP1 and BRCA1 on ATM. To examine this issue, we tested ATM kinase activity on p53 in the presence of both 53BP1 and BRCA1 with varying concentrations of MRN. We found that ATM kinase activity increased cooperatively with MRN concentration and that 53BP1 and BRCA1 facilitated ATM substrate phosphorylation most significantly with MRN in the 1-4 nM range ( Figure 1C ; quantification in Figure 1D ). 53BP1 and BRCA1 thus amplify the effects of low levels of MRN on ATM substrate phosphorylation.
MRN lacking the C-terminus of Nbs1 can be complemented by the addition of 53BP1 and BRCA1
Earlier studies have shown that the MRN complex interacts with ATM through the C-terminus of Nbs1 and that a short motif in this region is required for the recruitment of ATM to the sites of DNA DSBs (Nakada et al, 2003; Falck et al, 2005; You et al, 2005) . To confirm this in our purified system in vitro, we expressed and purified MRN complexes containing a mutant of Nbs1 that lacks the 20 C-terminal amino acids MRN(DC). We found that the MRN(DC) complex failed to stimulate ATM kinase activity on p53, using phosphorylation of serine 15 as a readout for ATM activity (Figure 2A) .
Expression of an Nbs1 allele lacking the C-terminal 20 amino acids in cells derived from NBS patients was shown earlier to reduce, but not eliminate ATM-mediated phosphorylation of its substrates (Falck et al, 2005) . Mice expressing the same human Nbs1(DC) allele also show relatively normal levels of ATM-mediated phosphorylation events, although they do show a specific deficiency in apoptosis (Difilippantonio et al, 2007; Stracker et al, 2007) . In considering why we observe a much stronger effect of deleting the Nbs1 C-terminus in our kinase assays in vitro compared with human cells and mouse cells, we hypothesized that other cellular factors may be compensating for loss of the C-terminal residues in vivo. As 53BP1 and BRCA1 are thought to be 'mediators' in ATM-dependent signalling pathways, we tested the effects of purified recombinant 53BP1 and BRCA1 in the ATM kinase assay with the MRN(DC) complex. As shown in Figure 2B and C, 53BP1 and BRCA1 stimulated ATM kinase activity up to 70-fold on p53 and Chk2 in an MRN(DC)-dependent manner. This suggests that 53BP1 and BRCA1 can compensate for loss of the ATM interaction motif in the MRN complex. The MRN(DC) complex was still required for this reaction, as 53BP1 and BRCA1 have no effect on ATM activity in the absence of MRN. We also tested an earlier studied MRN complex that contains a catalytic mutation in Rad50, MR(S1202R)N. This mutant MRN complex shows defects in all ATP-dependent activities (Moncalian et al, 2004) , fails to unwind DNA ends, and does not stimulate ATM kinase activity in vitro (Lee and Paull, 2005) . When we added 53BP1 and BRCA1 to ATM kinase assays in the presence of the MR(S1202R)N complex, there was no stimulation of p53 phosphorylation by ATM ( Figure 2D ), suggesting that 53BP1 and BRCA1 cannot generally compensate for all deficiencies in the MRN complex, but that the effect is specific to the MRN(DC) mutant. We focus on 53BP1 in the rest of the work, as it seems to have a more dominant effect on ATM activation. 
53BP1 interacts with the MRN complex and ATM
To determine the mechanistic basis of ATM stimulation by 53BP1, we investigated whether physical associations occur between 53BP1 and the MRN complex using gel filtration. Earlier analysis of the MRN complex by gel filtration indicates that it separates as an extremely large complex of B1.2 MDa (Lee et al, 2003) . In comparison, 53BP1 seems to separate as an even larger species of 41.2 MDa, although this could be strongly affected by the shape of this protein if it is elongated. Incubation of 53BP1 with the MRN complex caused a subset of the MRN complex to elute earlier, coincident with 53BP1 ( Figure 3A ). This result suggests that 53BP1 directly interacts with the MRN complex in the absence of DNA. To confirm this interaction, we performed in vitro binding assays with purified recombinant 53BP1, the MRN complex, and ATM. Biotinylated full-length 53BP1 was incubated with the MRN complex or ATM and then isolated with streptavidin-coated magnetic beads. We found that 53BP1 associated with the MRN complex and also independently with ATM ( Figure 3B ).
To further confirm this interaction in cells, we transiently over-expressed HA-tagged 53BP1 in human 293 cells, followed by immunoprecipitation with an anti-HA antibody. The MRN complex was immunoprecipitated with 53BP1 in the presence and absence of DNA damage, showing that this is a constitutive interaction ( Figure 3C ). We also confirmed the presence of ATM in 53BP1-immunoprecipitated material (Supplementary Figure S4) , consistent with the presence of 53BP1 in large complexes with ATM and MRN in cells.
BRCT domains of 53BP1 interact with the MRN complex through Rad50
53BP1 is a large protein with several distinct domains ( Figure 4A ). The Tudor domain is known to be required for interactions with methylated histone H4 lysine 20 (Botuyan et al, 2006) and was also earlier reported to bind to methylated histone H3 lysine 79 (Huyen et al, 2004) . Ward et al (2006) identified a dimerization domain in 53BP1 and showed that it is required for oligomerization of 53BP1 and the efficient repair of DNA DSBs. The BRCT domains of 53BP1 were earlier shown to bind to p53 (Iwabuchi et al, 1994 ), but it is not known whether they have other binding partners. To determine whether these domains are required for the interaction with the MRN complex, we performed in vitro binding assays with deletion mutants of 53BP1. Wildtype full-length 53BP1 and 53BP1 lacking the dimerization domain (DDimer) associated with the MRN complex ( Figure 4B ). However, when the BRCT domains were deleted, this interaction was dramatically reduced, suggesting that the BRCT motif is required for the interaction. To confirm this, we purified the BRCT domains separately as a GST-fusion protein (GST-BRCT) and performed binding assays with the MRN complex ( Figure 4C ). The GST-BRCT fragment strongly associated with the MRN complex, but GST expressed alone did not. We then investigated which component of the MRN complex interacts with 53BP1 using Mre11 and Mre11/Rad50 (MR) complexes in binding assays with the GST-BRCT fragment. The BRCT domains bound to the immobilized MR complex, but not to Mre11 or Nbs1 alone ( Figure 4D and data not shown), suggesting that the interaction between 53BP1 and the MRN complex occurs through the Rad50 component.
Tandem BRCT domains promote 53BP1 self-interaction
Earlier studies showed that 53BP1 is oligomerized through its dimerization domain, amino-acids 1231 to 1270 (Adams et al, 2005; Ward et al, 2006) . However, Usui et al (2009) suggested that Rad9, the orthlogue of 53BP1 in budding yeast, is oligomerized through an interaction between the C-terminal tandem BRCT domains and the N-terminal SQ/TQ cluster domain (SCD). To investigate the function of dimerization domain and the BRCT domains in oligomerization of 53BP1, we analysed the elution profiles of 53BP1 deletion mutants using gel filtration. As shown above, full-length 53BP1 separates as an extremely large complex by gel filtration. As expected, the peak of the 53BP1(DDimer) mutant was shifted by several fractions later in the elution, indicating a significantly smaller molecular mass ( Figure 5A smaller peak ( Figure 5A ). This suggests that the BRCT domains of 53BP1 contribute to its tertiary or quaternary structure, although the dimerization domain is clearly having a major function also. In contrast, mutations of 15 SQ/TQ sites in the N-terminus of 53BP1 had no effect on its size as measured by gel filtration. Self-association of 53BP1 dependent on the BRCT domain suggests that either the BRCT domains homodimerize, as was suggested for yeast Rad9 (Soulier and Lowndes, 1999) , or that the BRCT domains associate with a different region of 53BP1, as was also shown for Rad9 (Usui et al, 2009) . We tagged the tandem BRCT domain fragment with two different epitope tags and performed binding assays, but found that the BRCT fragment does not directly interact with another BRCT fragment (data not shown). We then examined whether GST-tagged BRCT domains interact with full-length 53BP1 , and the identified domains within 53BP1 consist of the dimerication domain , a glycine/arginine-rich (GAR) motif (Boisvert et al, 2005) , the Tudor domain (Iwabuchi et al, 2003) , a nuclear localization signal (NLS) (Adams et al, 2005) , and the Tandem BRCT domains (Bork et al, 1997) . (B) Binding assays with 53BP1 and MRN were performed as in Figure 3B except with various 53BP1 mutants as indicated. (C) Binding assays with MRN and the BRCT domains of 53BP1. Biotinylated MRN was incubated with a GST-BRCT fragment or GST alone for 1 h before adding streptavidin-coated magnetic beads. After incubation and washing of the beads, the GST-BRCT fragment was detected by western blotting using an antibody directed against GST. (D) Binding assays between GST-BRCT and Mre11/Rad50 (MR) or the Mre11 protein alone. GST-BRCT was incubated with MR or the Mre11 protein (' þ ' ¼ 10 nM; ' þ þ ' ¼ 20 nM) for 1 h and immunoprecipitated with streptavidin-coated magnetic beads, on which anti-Flag antibody was immobilized. Associated proteins on the beads were detected by western blotting as indicated. using a binding assay ( Figure 5B ). Immobilized 53BP1 interacts with the GST-BRCT fragment, but not with the GST tag alone, suggesting that the BRCT domains mediate interactions of 53BP1 with itself. The N-terminus of 53BP1 is dispensable for this interaction, as the GST-BRCT protein bound equivalently to a C-terminal fragment containing a.a. 868 to 1972, as it did to full-length 53BP1 ( Figure 5B ). We also found that this interaction was not mediated by the dimerization domain, as the 53BP1(DDimer) mutant also interacts with the GST-BRCT fragment similar to full-length 53BP1 (data not shown). Usui et al (2009) showed that disrupting the BRCT linker between the two BRCT repeats in Rad9 by mutating Ser-1129 to Ala disrupts interaction of the BRCT domains with a phosphorylated Rad9 SCD. To check whether 53BP1 also shows a similar effect, we purified a GST-tagged BRCT fragment containing the analogous mutation (S1853A) and performed binding assays with full-length 53BP1. However, BRCT(S1853A) also interacts with 53BP1 similar to wt BRCT ( Figure 5C ). Consistent with this result, we did not observe any significant deficiencies in BRCT-MRN or BRCT-53BP1 interactions after treatment of the MRN complex or 53BP1 with a phosphatase (Supplementary Figure S2) . We also made several other mutations in the BRCT domains of 53BP1 based on the crystal structure of 53BP1 bound to p53 and comparisons with the BRCT domains of BRCA1 bound to phosphopeptides Shiozaki et al, 2004) , and found that none of these mutations affect binding of the BRCT domains to the MRN complex or to full-length 53BP1 (Supplementary Figure S3) . These results suggest that the tandem BRCT domains of 53BP1 not only interact with the MRN complex, but also have the capacity for self-interaction and that both of these interactions are independent of phosphorylation.
To investigate the functional consequences of BRCT domain and dimerization domain deletions in ATM-dependent signalling, we compared the mutants with full-length 53BP1 in ATM kinase assays ( Figure 5D ). Full-length 53BP1 and 53BP1(15AQ) stimulate ATM kinase activity towards p53 in the presence of low levels of MRN, BRCA1, and DNA ( Figure 5D ). However, the 53BP1(DDimer) and 53BP1(DBRCT) mutants show significantly reduced ability to stimulate ATM. As both the 53BP1(DBRCT) mutant and the 53BP1(DDimer) mutant show severe defects in the stimulation of ATM, these results together suggest that 53BP1 oligomerization and interactions with the MRN complex are both required for optimal activation of ATM.
53BP1-MRN interactions promote hyper-phosphorylation of Nbs1 and 53BP1
Nbs1 is phosphorylated by ATM after DNA damage and this phosphorylation is required for efficient ATM-dependent signalling and S-phase checkpoint control (Lim et al, 2000; Buscemi et al, 2001; Nakanishi et al, 2002; Yazdi et al, 2002) . 53BP1 is heavily phosphorylated by ATM after DNA damage (Rappold et al, 2001; Morales et al, 2003; Matsuoka et al, 2007) and phosphorylation of 53BP1 promotes efficient repair of DNA DSBs . Considering the interactions between 53BP1, the MRN complex, and ATM that we have identified, we also tested the effects of 53BP1 on ATMmediated phosphorylation of the MRN complex itself and of 53BP1. We found that Nbs1 is hyper-phosphorylated in the presence of wt 53BP1 ( Figure 6A ). We do observe Nbs1 phosphorylation in vitro with ATM and MRN, but 53BP1 dramatically increases the efficiency of this phosphorylation, similar to the hyper-phosphorylation that occurs in human cells after DNA damage (Gatei et al, 2000; Lim et al, 2000) . The 53BP1 mutant lacking the BRCT domain is less effective at inducing this hyper-phosphorylation ( Figure 6B ). Fulllength 53BP1 itself is also strongly phosphorylated in the presence of the MRN complex and DNA, but the 53BP1(DBRCT) is impaired in this phosphorylation. These results suggest that intact BRCT domain is required for efficient Nbs1 and 53BP1 phosphorylation.
A recent study also showed that 53BP1 is phosphorylated on Ser-25, which promotes phospho-specific interactions with the PTIP protein (Munoz et al, 2007) . Disruption of this interaction caused defects in ATM-dependent signalling and hyper-sensitivity to DNA damage in human cells (Jowsey Figure 4C , except with biotinylated full-length 53BP1 and a biotinylated fragment of the C-terminus of 53BP1 (a.a. 868 to 1972) and GST-BRCT from 53BP1, measuring binding of the BRCT fragment using an antibody directed against GST. (C) Binding assays as in (B) except with a GST-BRCT fragment containing the S1853A mutation in the linker between the BRCT domains. (D) Kinase assays as in Figure 1C , except with 1.1 nM wt MRN and various mutant 53BP1 complexes as indicated.
et al, 2004; Munoz et al, 2007) . On the basis of this, we examined whether phosphorylation on Ser-25 of 53BP1 is also stimulated by the MRN complex. As expected, we observed 53BP1 phosphorylation on Ser-25 by ATM in the presence of MRN and DNA, but the 53BP1(DBRCT) mutant was much less efficiently phosphorylated ( Figure 6C ). All of the ATM phosphorylation of 53BP1 we have observed is in the N-terminus, as the signal is completely eliminated by the 15AQ mutations ) (data not shown).
53BP1(DBRCT) defects in DNA repair
Here we show that the tandem BRCT domains of 53BP1 are important for MRN association, for the promotion of ATM phosphorylation events, and for the overall structure of 53BP1. It is possible that these domains may affect the repair of DNA DSBs, either indirectly through ATM signalling, or more directly through MRN association or unknown mechanisms. Therefore, we further investigated the function of the BRCT domains on 53BP1 in cells. 53BP1 or ATM deletion results in failure to effect the slow component of DSB repair (Riballo et al, 2004) . Thus, a defect in the repair of B15% of induced lesions, evident at later time points after IR, is observed. To observe this subtle DSB repair defect, 53BP1-deficient mouse embryonic fibroblasts (MEFs) were transfected with human full-length 53BP1 cDNA or 53BP1 containing a deletion of the BRCT domains (DBRCT). As a measure of DNA repair, we analysed average numbers of ã-H2AX foci per cell after ionizing radiation exposure, a method earlier shown to be both accurate and highly sensitive in non-dividing cells (Riballo et al, 2004; Goodarzi et al, 2009) . To avoid potential effects of over-expression, only cells with 53BP1 levels quantitatively comparable with the wild-type control were scored. Consistent with earlier findings, we observed a DSB repair defect in 53BP1 knockout MEFs, and as expected, expression of human full-length 53BP1 compensates for the loss of 53BP1 ( Figure 7A ). Significantly, under conditions in which mutant expression levels were matched to normal, the 53BP1(DBRCT) mutant was unable to complement the DSB repair defect conferred by 53BP1 loss. These results provide strong evidence that the BRCT domains of 53BP1 are indeed important for ATM-dependent DNA DSB repair. We also confirmed this repair deficiency using a premature chromosome condensation (PCC) assay that directly measures DNA DSBs (Deckbar et al, 2007) and found that the 53BP1(DBRCT) allele exhibits a marked increase in DNA breaks similar to the vector control ( Figure 7B ).
Discussion
We show in this study that the 'mediator' proteins 53BP1 and BRCA1 can directly promote ATM kinase activity on multiple substrates. The magnitude of this effect is proportional to the level of MRN complex in the reaction, consistent with the idea that 53BP1 facilitates productive interactions between MRN and ATM and that these interactions are limiting when MRN concentrations fall below a critical threshold. This seems to be the case in cells from NBS patients, in which the 657del5 mutation in the NBS1 gene generates a C-terminal fragment of Nbs1 and also significantly lowers the overall levels of the MRN complex (Maser et al, 2001 ). An earlier study showed that siRNA knockdown of 53BP1 in NBS cells resulted in a marked reduction in Chk2 and Smc1 phosphorylation after ionizing radiation (Mochan et al, 2003) , in agreement with this interpretation.
The rescue of ATM phosphorylation events can also be seen with normal levels of MRN containing a C-terminal truncation of Nbs1 (MRNDC). The 20 amino-acid fragment deleted in this mutant was identified as a critical ATMbinding region of Nbs1 and was also shown to be important for ATM phosphorylation of substrates and autophosphorylation in human cells as well as in Xenopus extracts (Falck et al, 2005; You et al, 2005) . The MRNDC mutant is unable to promote ATM phosphorylation in vitro with purified components, consistent with its proposed function in ATM binding. The simplest model to explain these observations is that 53BP1 (and also possibly BRCA1) binds to both MRN and ATM and compensates for either low levels of MRN or for deficiencies in ATM association that occur with the deletion of the C-terminus of Nbs1. We propose that, in this way, cells can maintain very efficient ATM signalling that is not drastically affected by small changes in the levels of MRN. Our findings with 53BP1 and Brca1 suggest that these and perhaps other mediators may act to bridge the MRNDC complexes with ATM in vivo, which may explain the relatively mild phenotype of the Nbs1DC mutants in tissue culture and in mouse models (Difilippantonio et al, 2007; Stracker et al, 2007) .
We focus on 53BP1 in this study and find that the tandem BRCT domains at the C-terminus mediate a direct interaction with the MRN complex through Rad50. The BRCT motif of 53BP1 was initially shown to interact with p53 in a twohybrid assay (Iwabuchi et al, 1994) and the structure of the motif was subsequently solved in complex with the DNAbinding domain of p53 (Derbyshire et al, 2002) . It could be that this domain has multiple binding partners as we find that the same motif is capable of interacting with 53BP1 as well (see below). However, the BRCT domains are not just sticky motifs that bind non-specifically to every protein, as we do not observe interactions with Mre11 or GST and it does not associate with itself. The BRCT domains are essential for stimulating ATM kinase activity under low MRN conditions, which we postulate is due to the MRN-BRCT interaction.
In an earlier study, 53BP1 knockout MEFs were complemented with human 53BP1 or various deletion mutants and analysed for cell cycle checkpoints and DNA repair after exposure to ionizing radiation . A deletion mutant lacking the BRCT domains was tested and found to be similar in both respects to the wild-type allele. In our study, we also investigated the effects of BRCT deletion and observed a significant DSB repair defect, based on the levels of PCC breaks at 8 h post-IR and the levels of g-H2AX foci remaining after 16 and 24 h post-IR. This subset of unrepaired breaks is similar in magnitude and timing to that remaining in cells lacking ATM, Mre11, Nbs1, H2AX, or 53BP1 (Riballo et al, 2004) . This ATM-dependent DSB repair pathway was subsequently shown to resolve DSBs located within heterochromatin, requiring the ATM-dependent phosphorylation of the KAP1 nuclear co-repressor (Goodarzi et al, 2008) . The basis underlying the difference between our results and those of Ward et al is unclear, but it is possible that the assay is sensitive to levels of the MRN complex, the heterochromatic content, or the level of 53BP1 and that over-expression of 53BP1 mutant alleles could mask the subtle DSB repair defect.
It is noteworthy that there is an absolute requirement of 53BP1 in ATM-dependent DSB repair, which is distinct to its stimulatory function in ATM activation. This raises the possibility that these BRCT domains of 53BP1 could mediate an effect on DNA repair directly through their interaction with the MRN complex, a primary responder at sites of DSBs, in a manner that is greater than the stimulation of ATM kinase activity that we described here. Further, 53BP1 was recently shown to have unusual effects on the dynamics of chromatin at sites of uncapped telomeres and to be required for distal end-joining events during V(D)J recombination (Difilippantonio et al, 2008; Dimitrova et al, 2008) , in addition to its earlier characterized function in class switch recombination (Manis et al, 2004; Ward et al, 2004) . Deficiency in ATM or Nbs1 also results in the appearance of aberrant V(D)J-joining intermediates and a deficiency in class switching during lymphocyte development (Bredemeyer et al, 2006; Dinkelmann et al, 2009; Helmink et al, 2009) .
In addition to increasing phosphorylation of substrates in the ATM kinase assay, we show here that the BRCT domains of 53BP1 induce a dramatic increase in the phosphorylation of both Nbs1 and 53BP1 itself. Nbs1 phosphorylation has been shown to be important for S-phase cell cycle control (Gatei et al, 2000; Lim et al, 2000; Wu et al, 2000; Zhao et al, 2000) , and 53BP1 phosphorylation in the N-terminus is essential for the effects of 53BP1 on DNA repair . Phosphorylation of serine 25 of 53BP1 in particular was recently shown to regulate the binding of the hPTIP protein to 53BP1 that promotes ATM signalling and DNA repair (Munoz et al, 2007) . However, it should be noted that mutation of 15 SQ/TQ phosphorylation sites in the N-terminus of 53BP1 had a much stronger effect on levels of g-H2AX foci after IR treatment compared with a BRCT deletion . Thus, an effect of the BRCT domains on phosphorylation could only be partial in comparison with the complete removal of these sites.
The dimerization region between amino-acids 1231 and 1270 was earlier shown to be essential for coimmunoprecipitation of 53BP1 with itself (Adams et al, 2005; Ward et al, 2006) , and our results are certainly consistent with this region having a major function in mediating inter-molecular interactions between molecules of 53BP1. However, during the course of our investigation of 53BP1 and MRN, we observed that removal of the tandem BRCT motif at the C-terminus of 53BP1 also partially disrupts its structure. This is visible in gel filtration by the appearance of an additional smaller peak of protein ( Figure 5A ). On the basis of these results, we hypothesized that the BRCT motif may mediate an intra-molecular interaction within 53BP1, which we confirmed in binding assays that show association between the BRCT domains and the C-terminus of 53BP1.
This model of 53BP1 associations is distinct from that proposed for the Rad9 protein in Saccharomyces cerevisiae, which is an orthologue of 53BP1. The BRCT domains in Rad9 were shown to bind to a phosphorylated region in the N-terminus after DNA damage and in this way mediate oligomerization of Rad9 that is necessary for Rad53 activation (Usui et al, 2009) . In contrast, the accumulation of 53BP1 that is manifested as cytologically visible foci depends on the Tudor domain, but not on the BRCT domains (Iwabuchi et al, 2003; Morales et al, 2003) , and the association that we show here between the BRCT motif and the C-terminus of 53BP1 is not phosphorylation dependent.
As deletion of the BRCT domains from 53BP1 dramatically alters its structure, we conclude that the domains are constitutively bound to their binding site within 53BP1. In this bound form (whether it is intra-or inter-molecular), the BRCT domains are able to interact with MRN and stimulate ATM activity on substrates. In contrast, the BRCT domains expressed alone as a GST-BRCT fusion bind to MRN, but do not stimulate ATM activity on substrates other than Nbs1 (Supplementary Figure S5) . This is likely because the BRCT fragment alone is missing the binding interface for ATM, and/ or the BRCT domains must be in their 53BP1-bound form to stimulate ATM through the MRN complex.
53BP1 is a multifunctional protein with several important domains. It is not clear how binding of 53BP1 in the vicinity of DSBs through the Tudor domain promotes long-range NHEJ events or why the dimerization domain is required for 53BP1 to be active in cells. However, in this study, we have identified a function for the BRCT domains in promoting ATM-dependent phosphorylation events through the MRN complex, a function that has been widely reported in mouse and human cells, but whose mechanism has been elusive. Our results also highlight the redundancy that has evolved in the DNA damage response, in that the function of the BRCT domains may not be fully apparent in a normal cell expressing high levels of the MRN complex. Although the MRN complex is an essential component of ATM activation by DSBs, it is clear that other factors such as 53BP1 and BRCA1 have important regulatory and compensatory functions in this process in vivo.
Materials and methods

Expression constructs See Supplementary data
Protein purification
Wild type and mutant MRN and subcomplexes were purified as described (Bhaskara et al, 2007) . Dimeric ATM was made by transient transfection of expression constructs into 293T cells using calcium phosphate and purified as described earlier (Lee and Paull, 2006) . 53BP1 and BRCA1 were expressed separately in Sf21 cells as earlier described for BRCA1 with some modifications (Paull and Gellert, 2000) . To prepare the lysate, the cells were thawed and resuspended in 40 ml of lysis buffer: 100 mM NaCl, 25 mM Tris-HCl pH 8.0, 0.5% Tween 20, 10% glycerol, 1 mM dithiothreitol (DTT), and 2 mM phenylmethylsulfonylfluoride (PMSF). The mixture was resuspended briefly with a Dounce homogenizer, and then sonicated (three times 20 s). After a 1-h centrifugation at 100 000 g, the supernatant was loaded onto a 1-ml column of antiFlag M2 agarose (Sigma). The column was run in buffer A (lysis buffer without the PMSF) and washed with 5 ml buffer A containing 0.5 M lithium chloride. The column was washed into buffer A again and Flag-tagged 53BP1 or BRCA1 were eluted with 5 ml buffer A containing 0.1 mg/ml Flag peptide (Sigma). Fractions containing 53BP1 or BRCA1 were dialysed against buffer A before storage in small aliquots at À801C.
To purify biotinylated proteins, cells were co-infected with baculovirus expressing BirA. Purification procedures for biotinylated proteins were the same as for the non-biotinylated proteins.
The GST-fusion proteins were purified identically to the GSTBrca1 fragments as described earlier (Paull et al, 2001) . The GSTp53, GST-Chk2, GST-BRCT(53BP1), and GST-BRCT(53BP1, S1853A) proteins were further purified by separation on a Superdex 200 gel filtration column (GE) in buffer A. Protein concentrations were determined by Bradford assay (Pierce) and by quantitation of protein preparations with standards on colloidal Coomassie-stained SDS-PAGE gels using the Odyssey system (LiCor).
Kinase assay
All ATM kinase assays were performed in kinase buffer: 50 mM HEPES, pH 7.5, 50 mM potassium chloride, 5 mM magnesium chloride, 10% glycerol, 1 mM ATP, and 1 mM DTT for 90 min at 301C in a volume of 40 ml as described earlier (Lee and Paull, 2006) . A total of 10 ng DNA was used in kinase assays with GST-p53; 2.5 ng were used with GST-Chk2. MRN concentrations were varied in some experiments as described in the Figure legends. Phosphorylated Chk2(thr68) and p53(ser15) were detected as described earlier (Lee and Paull, 2006 ) using phospho-specific antibodies from Cell signaling (2661S) and Calbiochem (PC461), and phospho-specific SQ/TQ and phospho-Ser25 (53BP1) antibodies were obtained from Cell signaling (2851S) and R&D Systems (AF3405), respectively.
In vitro binding assays
Biotinylated proteins (100 nM 53BP1, including wild type and mutants, or 20 nM MRN) were incubated with putative interacting partners (20 nM MRN, 5 nM ATM, or 20 nM GST-BRCT, including wild type and S1853A) in buffer A for 1 h at 301C in a final volume of 100 ml and then incubated with streptavidin-coated magnetic beads (Dynal) and 0.2% CHAPS (Sigma), whereas rotating at 41C for 15 min. Beads with associated proteins were washed three times with buffer A containing 0.2% CHAPS and bound proteins were eluted by boiling the beads in SDS loading buffer, and analysed by SDS-PAGE and western blotting using antibodies directed against the Flag epitope (Sigma, F3165), 53BP1 (Cell Signaling, 4937), Rad50 (Genetex, GTX70228), Nbs1 (Genetex, MSNBS10PX1), and the GST epitope (Santa Cruz, SC-459).
Immunoprecipitation from cell lysates HA-tagged 53BP1 was expressed by transient transfection of human 293 cells (ATCC, CRL-1573) in one dish (245 Â 245 Â 20) using calcium phosphate as described earlier (Lee and Paull, 2006) . Cells were harvested and resuspended in 1 ml of lysis buffer; 50 mM TrisHCl (pH 7.5), 150 mM NaCl, 0.5% NP40, 5 mM EDTA, 10% glycerol, and 2 mM PMSF. The mixture was resuspended briefly with a Dounce homogenizer, and then sonicated (three times 20 s). Polyclonal anti-HA antibodies directed against 53BP1 (Bethyl, A190-108A) were added and incubated at 41C overnight. Although incubating lysates with the antibody, biotin-conjugated rabbit IgG secondary antibody (Abcam, Ab6021) was also incubated with streptavidin-coated magnetic beads (Dynal) at 41C overnight and washed with buffer A three times. IgG-immobilized beads were then added to lysates and incubated for 4 h at 41C. Beads with associated proteins were washed three times with buffer A containing 0.2% CHAPS, and bound proteins were eluted by boiling the beads in SDS loading buffer, and analysed by SDS-PAGE and western blotting.
Gel filtration
A total of 200 nM wt 53BP1 or mutant 53BP1 were incubated with 30 nM MRN or buffer A at 301C for 1 h in final volume of 60 ml and then the samples were directly loaded on a Superose 6 PC 3.2/30 column (GE) equilibrated in buffer A. Samples from the 50-ml fractions were run on 6% SDS-PAGE gels, transferred to PVDF membranes (Immobilon-FL, Millipore), and probed with antibodies directed against 53BP1 (Cell Signaling, 4937), Rad50 (Genetex, GTX70228), and Nbs1 (Genetex, MSNBS10PX1), followed by detection with IRdye 800 anti-mouse (Rockland, or Alexa Fluor 680 anti-rabbit (Invitrogen, A21076) secondary antibodies. Western blots were analysed and quantitated using a Licor Odyssey system.
DNA repair analysis
Wild-type and 53BP1À/À MEFs were grown as described (Riballo et al, 2004) . 53BP1 constructs were pCMH6K-53BP1-FL (full length, 1-1972) or pCMH6K-53BP1-deltaBRCT (1-1710), originally cloned and reported by Iwabuchi et al (1994) . Expression was achieved using 1 mg of plasmid per 2 Â10 5 of logathrimically growing cells by Metafectene-Pro (Biontex, Germany)-mediated transfection (according to the manufacturer's instructions). Cells were then plated onto glass slides in 2 ml media; 24 h later, cells were irradiated, harvested, and processed for immunofluorescence as described earlier (Goodarzi et al, 2008) , using anti-H2AX (ab18311) and anti-HA (ab9110) from Abcam, UK. PCC assays were performed as described earlier (Deckbar et al, 2007) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
